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Abstract
The aim of this study is focused on “energetics” or energy analysis and evalua-
tion of greenhouse gas (GHG) mitigation potential of solar water heating system
(SWHS) having 100 litre per day (lpd) capacity in 28 states of India. Different types
of collectors are used in solar water heating system, which may affect on the
feasibility of the system. So to analyze this factor, the present approach focused on
three types of glazed flat plate collectors. In addition to this, the feasibility of the
system also does depend upon the end user applications. So to incorporate more
feasible analysis, three different scenarios were considered. For the analysis of
environmental impact of the system, GHG emission mitigation potential has also
been evaluated by assuming the replacement of the system with frequently used
fuels, viz., natural gas, coal, diesel, etc. This was done for both seasonal and annual
use of this renewable energy thermal device. The result of this study shows that
energy payback period (EPBP) and energy yield ratio (EYR) values for selected
locations are in the adoption level. In case of coal, the GHG-emission reduction was
found to have a maximum value of 22.4 tCO2 for the state of Rajasthan and a
minimum value of 13.4 tCO2, for Jammu & Kashmir, for 20 years of useful lifetime
of the system.
Keywords: energy analysis, energy payback period, energy yield ratio,
glazed flat plate collectors, GHG emission mitigation
1. Introduction
Energy security is a goal that many countries are pursuing to ensure that their
economies function without interruption and that their peoples have access to
adequate, reliable and affordable supplies of modern and clean energy. It is a
pressing concern because the demand for energy is growing rapidly due to robust
economic expansion, population growth, new uses of energy and income growth
and yet the supplies of energy resources required to power these needs are finite
and in most cases nonrenewable. Furthermore, the production, transportation and
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utilization of energy are a major source of greenhouse gases that cause global
warming and climate change. In this perspective energy management may play vital
role in the optimization of any renewable energy system via energy analysis or by
means of some other methods. Further, renewable energy systems have been
proven to have potential in the reduction of greenhouse gas emission [1–7].
The application of solar energy utilization in the form of thermal energy is for
heating water for domestic, commercial and industrial uses and range from the
temperature 80–240°C [8–10]. During the last two decades with the emerging
technologies and increasing demand the potential use of solar water heating system
has been widely expanded, particularly in the residential sector [11]. The estimated
gross potential for solar water heating systems in residential sector of India is quite
massive [12]. In a typical Indian house, the energy consumed for heating water for
bathing purpose ranges from 2000 to 7000 GJ/annum depending upon the location/
weather conditions. In industries also, hot water requirement is quite high and
therefore the energy consumption is many times higher than the above value. This
energy requirement is being fulfilled by grid extension, coal, furnace oil, LPG/
natural gas, wood, etc. For development, dissemination and the promotion of solar
water heating system in different sectors, significant efforts have been made by the
government of India. Solar water heating system of 5.6 GWth, capacity was pro-
posed to be added in the duration of 2012–2017 and achieve 14 GWth by 2022 [13].
For the promotion and dissemination of solar water heating system like other
renewable energy systems among people, government of India has been
implemented several programs. This includes the dissemination of the projects,
financial support or subsidies, awareness programs and through research and
development [14].
A significant energy input is expected in the installation of solar water heating
systems worldwide. Energy analysis of solar water heating system for domestic or
commercial applications, gives information about the embodied energy in its vari-
ous components and their share during installation and its useful lifetime. The
significance of energy analysis lies in the fact that present day energy requirements
are being met mainly from non-renewable energy sources, which are available as
finite stores and are bound to be exhausted. Webb and Pearce [15] attribute the
genesis of energetic to the awareness that these sources need to be judiciously
utilized. Identification of energy-intensive components and their replacement with
lesser once is the main advantage of energy analysis. This minimizes the overall
energy demand of the system and gives a chance of utilization or implementation of
this energy. In addition to this, energy analysis of the system and its comparison
with the systems of similar technology may reduce the energy demand in any
particular selected area. Energy analysis may provide useful approach for evaluation
of energy yield ratio (EYR), energy payback period (EPBP) and GHG-emission
mitigation potential of solar water heating systems for selected locations. This may
also provide a comparative analysis of systems by different manufacturers and
installation making decision for any selected location [16].
The design and efficiency of solar water heating system or any renewable energy
system does depend upon the end user applications and climatic conditions of that
particular location. Though the output energy of solar water heating system does
depends upon the type of solar collector used, its efficiency, overall top loss heat
transfer coefficient, number of glass covers used, available solar intensity, wind
velocity of the location of installation [17–34].
There are several methods and simulation-based tools available for the design
and energy analysis purpose. RETScreen, TRNSYS and SOLCHIPS, etc., are some
user friendly tools, with the help of these tools, by the execution of number of
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simulation; one may analyze the effect of the variation of different variables on
energy output given by the system. RETScreen software which is used in present
study is also helpful for the evaluation of greenhouse gas emission mitigation
potential of any renewable energy system in any particular location [35–38]. In
addition to these tools, linear and nonlinear optimization techniques and evolution-
ary search algorithms have also been reported by different researchers to design the
solar water heating systems [39–48].
Significant works have been carried out by different researches worldwide for
the energy analysis and for the estimation of greenhouse gas emission mitigation
potential of solar water heating systems having different collector area [49–55]. A
comparative energy analysis study for the evaluation of energy payback period of
solar water heating system having 3.6 m2 of collector area with electric heater and
gas water heater has been carried out by Crawford and Treloar [56]. A detailed life
cycle analysis of solar water thermosyphonic system having collector area 2.13 m2
was carried by Ardente et al. [57], where the estimated energy payback period was
less than 2 years. An estimated energy payback period in between 5 and 19 months
was found by Battisti and Corrado [58] after a detailed life cycle analysis for a
thermosyphonic system having a 1.7 m2 flat plate collector. They evaluated energy
payback period on the basis of energy substituted with an estimated yearly output
of 1958 MJ of the system. Asif et al. [59] compared the life cycle performance of two
laboratory prototypes solar collectors made of Aluminum and Stainless Steel with
built-in storage. They considered the collector area of 1 m2 and found energy
payback period in between 6 and 7 months for different locations on the basis of
estimated energy output of the systems. Kalogirou [60] made an analysis for pres-
surized and thermosyphonic system having collector area of 3.8 m2. The estimated
value was found to be 1.2 years for the pumped system and 1.1 years for the
thermosyphonic system. A fairly comprehensive comparative study of solar water
heating system with three systems, based on conventional fuels was also carried out
by Kalogirou [61]. In India, the evaluation of energy payback period of solar water
heating system for different low altitude locations on the basis of energy analysis
has been carried out by Mathur and Bansal [62]. Cumulated energy demand for the
systems of different technologies was estimated by Mathur and Bansal [16]. They
compared the solar water heating system with electric water heating system on the
basis of energy analysis. Comparative study of solar water heater heating system of
capacity 100 lpd with electric water heating system by using energy analysis
method has been reported by Marimuthu et al. [63]. However, the estimation of
energy consumption of the electrical water heater system was for the average
temperature of Chennai. They also estimated the environmental benefits of the
system on the basis of life cycle assessment of the system.
In the present study, “energetics” or energy analysis exercise has been under-
taken on a domestic solar water heating system of 100 lpd capacity. Energy
embodied in such systems have been estimated for three most prominent combina-
tions of materials viz. Copper-Copper (Cu-Cu), Copper-Steel (Cu-Steel) and Cop-
per- Aluminum (Cu-Al) were used in manufacturing the flat plate absorber of the
flat plate solar collector, the main component of the solar water heating system.
Three scenarios viz. optimistic, most probable and pessimistic were considered for
the estimation of energy requirement in each and every component of the system
during its useful lifetime of 20 years. Estimation of energy output by the system for
one representative city of the 28 states has been considered. The lifecycle energy
output and GHG-emission mitigation by the replacement of the solar water heating
system with frequently used fuels viz. natural gas, coal, diesel, etc., have been
estimated.
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2. Methodology
In the present study, solar water heating system having flat plate collector,
specified by Bureau of Indian Standard (BIS) of capacity 100 lpd is taken [64]. The
Description of Component of solar water heating systems may be found anywhere
[65]. The energy analysis of renewable energy systems or any energy production
systems can be performed by using process analysis, input–output analysis or net
energy analysis method [66]. In this present study process analysis method has been
considered for the evaluation of total energy embodied during 20 years of useful life
time of the system. In this process, energy inputs in individual component are
estimated. Energy embodied in individual components is estimated by the estima-
tion of direct and indirect energy. This is taken into account for the entire process of
manufacturing the finished component and maintenance during its useful lifetime.
Monthly average daily radiation, temperature, relative humidity and the values of
wind speed for different locations have been taken from the RET-Screen online
weather database. The renewable energy outputs of the system and GHG-emission
reduction for annual use of solar water heating system for different selected loca-
tions of India have been estimated using RETScreen–decision support software,
developed and disseminated by renewable energy decision support centre, Canada
[67]. The climate of India has been divided in six zones according to variation of
its climatic conditions by Bansal and Minke [68]. However, this study has been
undertaken for representative city of 28 states to analyze precise feasibility of
installing of solar water heating system. Energy yield ratio and energy payback
period has been estimated to judge the energetic viability of the system. Energy
embodied in different components or the entire system and energy output are
considered as primary energy to expedite a proper comparison and evaluation.
For the sake of simplicity, estimation of energy embodied in solar water heating
system some assumptions have been made. Firstly, while estimating energy input,
manual labor is not taken into consideration because during manufacturing it does
not have any impact on primary source of energy. In addition to this there may arise
error and uncertainties while converting man hour into equivalent primary energy
and process analysis has been carried out up to second level of regression. For evalu-
ating the energetic feasibility of solar water heating system, two measures namely,
energy yield ratio (EYR) and energy payback period (EPBP) have been considered.
2.1 Energy embodied analysis
Estimation of energy embodied under the considered method comprises several
steps; Evaluation of quantity of primary material after the identification of different
components of the system, followed by the estimation of the total energy input in
individual component. Estimation of the total energy embodied in the system by the
calculating useful life time of each of the individual component.
The life cycle embodied energy Eemb is calculated by the following expression:
Eemb ¼ Edirect þ Emate þ Eom (1)
where, Edirect is the direct energy consumed during manufacturing process of
different components and Emate is the energy embodied for the materials in the
system and is given by:
Emate ¼
Xn
i¼1
ξimi (2)
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Eom is the energy embodied in maintenance and periodic replacement the sys-
tem and is given by:
Eom ¼
Xn
i¼1
ULdswh
FRi
 1
 þ
ξimi
 
(3)
The “+” sign signifies the next higher whole number of the quantity inside the
bracket.
2.2 Energy output analysis
The annual energy output of a system depends on design and operational
parameters which include solar radiation availability, thermal performance of the
collector type and collector tilt, storage tank, operating temperature and ambient
conditions [69–72]. In this work RET-Screen system support software has been used
for evaluation of energy output analysis.
2.3 Measured parameters of energetic performance
2.3.1 Energy yield ratio (EYR)
It is the ratio of lifecycle primary energy output of the system to the lifecycle
energy embodied in the system and is expressed as:
EYRdswh ¼
Eo,u
nf
 
1þ αð Þ
h i
ULdswh
lifecyle energy embodied
(4)
2.3.2 Energy payback period (EPBPdswh)
It is the time taken to recuperate the initial primary energy embodied in any
system by the net annual primary energy saving by the use of the system. It is
given by:
EPBPdswh ¼
Edirect þ Ematð Þ
Eout
ηf
 
1þ αð Þ
h i

Eom
ULdswh
  (5)
3. Results and discussion
Table 1 presents the energy embodied in manufacturing a flat plate collector of
different absorber plates, viz., (a) Aluminum absorber plate having copper headers
and risers (b) Copper absorber plate having copper headers and risers and (c) Steel
absorber plate having copper header and risers. From the present table one may
predict, the type of material and quantity required, and the corresponding embod-
ied energy values (ξi) for three different types of collectors in manufacturing a
100 lpd solar water heating system. The value of ξi has been obtained from the
literature [73]. It is observed that the collector with Aluminum absorber plate and
copper header and riser has maximum energy embodied system (6382 MJ), which is
followed by collector made up of steel absorber plate and copper header and riser
(5899 MJ). Least energy-embodied system is found in collector made up of copper
absorber plate header and riser (5815 MJ).
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Total energy embodied in balance of the system was found to be 2924 MJ.
Energy embodied estimated values of 625.16, 636 and 1219.16 MJ were found,
respectively, for storage tank, stand and pipeline (Table 2).
From Table 3, one can predict the required energy of the system during its
useful life time for three collector types and on the basis of different considered
scenarios. The components of solar water heating system viz. storage tank, absorber
plate, outer box, etc., have long life time. However, other subsidiary components
may require replacement in the 20 years of useful life time of the system due to
their short life time. Maximum energy requirement is found in case of glass whereas
minimum for the insulation. Total estimated values of embodied energy in a com-
plete system were found to be 9306, 8739 and 8823 MJ, respectively, in case of Cu-
Cu, Al-Cu and Steel-Cu collector. One may also predict from the table that about 77,
Table 1.
Energy embodied in manufacturing a flat plate collector of different absorber plates.
Table 2.
Estimated energy input values in manufacturing the subsidiary components of the system.
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145 and 222 MJ energy is required for optimistic, most probable and pessimistic
scenarios, respectively, for the annual maintenance of the system.
Energy output through solar water heating system at different locations of
India for the annual use and use of 5.5 months per year of the system has been
shown in Figure 1. Monthly average daily radiation in the plane of solar collector
(kWh/m2/d) has been evaluated on the basis of monthly average daily radiation on
horizontal surface (kWh/m2/d), monthly average temperature (°C), monthly aver-
age relative humidity (%) and monthly average wind speed (m/s). In addition to
this, evaluation of energy output for specific location is based on different parame-
ters viz. slope of collector of the solar water heating system was taken equivalent to
latitude of the location. Solar collector of area 2 m2, Fr (τα) coefficient of 0.85, wind
correction for Fr (τα) of 0.040, Fr UL coefficient 11.56 (W/m2)/°C, wind correction
for Fr UL 4.37 (J/m3)/°C, pipe diameter of 10 mm, piping and solar tank losses of
1%, losses due to snow and/or dirt of 2%, horizontal distance from mech. Room to
collector of 5 m and horizontal distance of floors from mech. Room to collector of
2 m have been taken, heat exchanger/antifreeze protection was not considered, for
the analysis of energy output.
Table 3.
Lifecycle embodied energy in a 100 lpd solar water heating system (Useful life time = 20 years).
Figure 1.
Energy output through SWHS at different locations of India for annual use and of 5.5 months.
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The minimum value of energy output of 2258 MJ for Jammu Kashmir and
maximum value of 3781 MJ was found in case of Rajasthan for the annual use of
the solar water heating system. However, use of 5.5 months of the solar water
heating system, the minimum and maximum value of energy output of 555 and
1833 MJ, respectively, has been found for the locations Jammu Kashmir and
Madhya Pradesh. The lower value of energy output in Jammu and Kashmir as
compared to other locations is due to relatively poor weather conditions.
The variation of energy yield ratio (EYR) in case of Cu-Cu, Al-Cu and Steel-Cu
collector types for different locations of India has been shown in Figures 2–4, for
20 years of useful lifetime of the solar water heating system. In this perspective, on
the basis of different adopted scenarios viz., optimistic, most probable and pessi-
mistic, detailed location wise graphical representation has been considered for the
feasibility analysis of the system of its annual use and use of 5.5 months in a year.
From these figures, one may predicts that, for annual use of solar water heating
system, in all locations for the selected collector types and for different scenarios,
the energy yield ratio is greater than one. This signifies that the installation of solar
water heating system in these locations is energetically feasible. The use of system
for selected months in different locations of India has also been found feasible in
terms of energy yield ratio expect Jammu and Kashmir. However, due to cold
Figure 2.
EYR values for different locations of India of 20 years of useful lifetime of SWHS in case of Optimistic scenario
for (a) annual use (b) use of 5.5 months per year.
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climatic conditions of said location, there is requirement of annual use or for
commercial applications of solar water heating system.
Figures 5–7 depicts the energy payback period for 28 locations in India for the
two utilization conditions of the system, i.e., for the use of the system 5.5 months in
a year and use of the system for entire year. Evaluation of energy payback period
has also been taken for 20 years of useful life time of the system, collectors used and
scenarios as considered in the estimation of EYR. From these figures, one may
also observe that, the annual use of the system and use of 5.5 months in a year, the
value of energy payback period is less than its useful lifetime, in case of different
collector types and scenarios. However, the use of the system for 5.5 months in a
year, energy payback period is found greater than its useful lifetime for
Jammu and Kashmir.
Estimated values of GHG-emission reduction for annual use of solar water
heating system has been shown in Table 4 for different locations of India. GHG-
emission mitigation potential of solar water heating system has been evaluated on
the basis of energy delivered by the system, and the replacement of solar water
heating system with different fuels based systems. Base case GHG-emission factor
(tCO2/MWh) in case of natural gas, coal, oil, diesel oil, biomass and propane has
been taken 0.491, 0.491, 1.018, 0.975, 0.030 and 0.552, respectively. The value of
Figure 3.
EYR values for different locations of India of 20 years of useful lifetime of SWHS in case of Most Probable
scenario for (a) annual use (b) use of 5.5 months per year.
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Figure 4.
EYR values for different locations of India of 20 years of useful lifetime of SWHS in case of Pessimistic scenario
for (a) annual use (b) use of 5.5 months per year.
Figure 5.
EPBP values for 20 years of useful lifetime of SWHS at different locations of India in case of Cu-Cu collector
material (a) for its annual use (b) for its use of selected months.
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Figure 6.
EPBP values for 20 years of useful lifetime of SWHS at different locations of India in case of Al-Cu collector
material (a) for its annual use (b) for its use of selected months.
Figure 7.
EPBP values for 20 years of useful lifetime of SWHS at different locations of India in case of Steel-Cu collector
material (a) for its annual use (b) for its use of selected months.
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Table 4.
Estimated values of GHG-emission reduction for annual use of the system.
Figure 8.
Estimated values of GHG-emission reduction of using the system for selected months in a year.
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proposed case emission factor has been taken as zero in case of solar water heating
system, based on the fact that there is no pollution during the operation of the
system. From Table 4, one may depict the annual variation range of 0.31 tCO2 to
0.51 tCO2, 0.67 tCO2 to 1.12 tCO2, 0.70 tCO2 to 1.06 tCO2, 0.02 tCO2 to 0.03 tCO2
and 0.35 tCO2 to 0.58 tCO2 in case of Natural gas, coal, oil, diesel oil, biomass and
propane, respectively, for different selected location of India. Estimated values of
GHG-emission reduction of using the system for 5.5 months in a year for different
locations has been shown in Figure 8.
4. Conclusions
In solar water heating system having glazed flat collector, collector with copper
absorber plate and headers and risers made of copper required minimum energy in
compare to Steel-Copper and Aluminum-Cooper. Being the feasibility of the system
does depending upon the availability of solar radiation of that particular location; it
is also depending upon the utilization of the system by end user. So the present
study on the basis of different scenarios viz. optimistic, most probable and pessi-
mistic may give more classified information to the end users, researchers, academi-
cian and industrialist. Significant amount of GHG emission mitigation potential of
the system have been estimated for different locations. Further the amount of GHG
emission or mitigation does depend on the utilization of solar water heating system
and use of fuel type by end users of those particular locations.
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Nomenclature
ξi energy intensity of the ith component of the material (in MJ/mass or
MJ/volume)
mi mass per unit volume of the ith component
n total number of components in the system
ULdswh expected useful life of the system
FRi frequency of replacement of the ith component
nf efficiency of utilization in the corresponding heating device
α fraction of the process energy required to make the fuel available
to the user
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